The aim of the present study is to evaluate the transverse strength, modulus of elasticity, surface roughness, hardness, and water sorption/solubility of nanoparticle zirconium oxide (nano-ZrO 2 ) added to heat-cured poly(methyl methacrylate) (PMMA) after thermocycling. The specimens were divided into four groups according to the ratio of nano-ZrO 2 addition to heat-cured PMMA; group 1: 5% nano-ZrO 2 ; group 2: 10% nano-ZrO 2 ; group 3: 20% nano-ZrO 2 , and group 4 (control): PMMA without nano-ZrO 2 . A statistically significant decrease in transverse strength was observed by all additional rates of nanoZrO 2 compared with group 4 (control; P < 0.025). When hardness results were evaluated, groups 1 and 2 showed statistically higher values compared with groups 3 and 4 (P < 0.025). The surface roughness of group 3 was statistically higher than the other groups (P < 0.025), but it was within the clinically acceptable limits. As the nano-ZrO 2 addition rate increased, water sorption/solubility values of the specimens also increased. Although nano-ZrO 2 addition had an adverse effect on some mechanical and physical properties of heat-cured PMMA, it increased hardness values, implying that the addition of nano-ZrO 2 would contribute positively to some mechanical properties of PMMA denture base material when nano-ZrO 2 was homogeneously distributed in PMMA.
Introduction
Poly(methyl methacrylate) (PMMA) acrylic resin is often preferred as a denture base material due to its low cost, good adaptation, ease of application, and usage in tooth-or implant-supported removable/complete prostheses and orthodontic appliances (1) (2) (3) (4) . Clinically, improving the mechanical and physical properties of PMMA may be useful in points where masticatory forces are relatively high, such as distal extensions opposing natural teeth, single complete dentures, overdentures, and implant-supported complete dentures (3) . This requirement is very important, especially in elderly patients, to eliminate situations such as denture fracture. Moreover, improving the mechanical and physical properties of PMMA may help elderly patients, who may be impaired or have difficulty adapting to a new denture, increase the lifespan of their prosthesis (5) .
Various methods have been attempted to increase the strength of acrylic denture base and decrease the risk of denture fracture (6, 7) . Studies show that administering an appropriate additive to PMMA can improve the propZirconium oxide (ZrO 2 ) is a metal oxide that possesses several advantages such as good mechanical strength, fracture toughness, hardness, wear and chemical resistance, and good thermal stability, thus making it beneficial for use in dental materials such as denture base reinforcement (4, 8, 11, 12) . ZrO 2 is a polymorphic material, is available in three stable phases: monoclinic, tetragonal, and cubic. The properties of ZrO 2 differ according to the phase types (13) . The tetragonal phase is a catalytic phase, and it is a mechanically interesting phase compared with the other phases. Tetragonal phase ZrO 2 can be stabilized at room temperature with divalent and trivalent cationic species such as magnesium (Mg 
. Nanotechnology has recently been used in the prosthodontic field for material enhancement purposes (9, 12) , which has been emphasized in the study of nanomaterials for improving the mechanical properties of PMMA. Nanofillers such as nanoclays, nanotubes, nanofibers, and nanoparticles are the current alternatives for improving the mechanical properties of PMMA (2) . The effect of nanoparticles on the mechanical properties of PMMA depends on several factors including polymerparticle interface, particle size, fabrication method, and particle dispersion in the PMMA matrix (11, 12) . One of the most common nanoparticle fillers in use is ZrO 2 . This bioceramic filler has high flexural strength and fracture toughness due to transformation toughening (7) . Incorporating ZrO 2 into PMMA has been suggested to improve PMMA properties (4, 12) .
Recently, there have been many studies on the effect of ZrO 2 nanoparticle (nano-ZrO 2 ) addition as a filler to acrylic resin (14) (15) (16) . The properties of the polymer-nanoparticle depend on the type of incorporating nanoparticles, their size and shape, as well as the concentration and interaction with the polymer matrix (16) . Crystalline metal oxide nanoparticles aggregate in the organic media and are difficult to disperse homogeneously. Nanoparticle aggregates disrupt the mechanical properties and reduce the optic properties of polymer-based material. Good adhesion and dispersion homogeneity of nano-ZrO 2 with the resin matrix and the small nanoparticle size improve the transverse strength of PMMA (12, 17) . Therefore, organic solvents or monomer (silane coupling agent) could be used to disperse nanoparticles in the matrix (2, 18) .
The hardness of acrylic resins, which defines the ease of finishing a material and its resistance to wearing during cleaning, can be influenced by reinforcement materials (6) in addition to surface roughness. The roughness of PMMA is important as surface irregularities increase microorganism accumulation on the denture (19) and have undesired effects such as discoloration of the prosthesis. Moreover, water sorption and solubility are not favorable characteristics for denture base materials (20, 21) .
There are limited data available regarding the efficacy of nano-ZrO 2 on the mechanical and physical properties of heat-cured PMMA. This study aimed to evaluate the effect of tetragonal nano-ZrO 2 addition at three different concentrations (5%, 10%, and 20%) on the transverse strength, modulus of elasticity, microhardness, surface roughness, water sorption, and solubility of heat-cured PMMA base materials after aging by thermocycling.
Materials and Methods
The properties and contents of the test materials used in this study are shown in Table 1 .
Chemical modification of nano-ZrO 2
In the present study, we used a silane coupling agent to double bond onto the surface of nano-ZrO 2 and distribution of nano-ZrO 2 fillers in the PMMA matrix . Moreover, we used 3-aminopropyltriethoxysilane (APTES) as a silane coupling agent to double bond onto the surface of nano-ZrO 2 and distribution nano-ZrO 2 fillers in the PMMA matrix. Toluene was used as an organic solvent. 1 mL APTES was diluted with 99 mL toluene to prepare the solution with 1% volume. The nano-ZrO 2 powder was mixed with this prepared solution in a magnetic was scanned over a 400-4,000 cm -1 wavenumber range. Steel die was milled from a metal blank according to the dimension of each test specimen. The mold was filled with modeling wax and invested in a conventional dental flask. Heat-cured acrylic resin specimens were prepared after the dewaxing procedure.
For the test specimens of group 4 (control), resin powder of denture base material was mixed with monomer in a ratio of 23.4 g/10 mL according to the manufacturer's recommendation in each test. Tetragonal form of nano-ZrO 2 was used as the filler for fabricating the test specimens. The nano-ZrO 2 and heat-cured PMMA powder were pre-weighed to ensure a filler concentration of 5%, 10%, and 20% by weight according to the recommended powder/liquid ratio by the manufacturer. For example, the nano-ZrO 2 + heat-cured PMMA powder ratio for 1.5 mL liquid is as follows: Group 1: 0.1755 g nano-ZrO 2 + 3.3345 g heat-cured PMMA powder/1.5 mL liquid, Group 2: 0.351 g nano-ZrO 2 + 3.159 g heat-cured PMMA powder/1.5 mL liquid, Group 3: 0.702 g nanoZrO 2 + 2.808 g heat-cured PMMA powder/1.5 mL liquid.
Resin powder of heat-cured PMMA was mixed and manipulated with monomer. Immediately thereafter, nano-ZrO 2 modified with silane coupling agent was added to the mixture. The ratio of the materials was determined according to the mixture proportion mentioned above for each test group. Next, they were manually mixed by spatulation until a homogeneous appearance was achieved. Thus, the test specimens were obtained.
Then, the test group specimens were cured with heat after dewaxing. Four tests were performed, and each test contained eight main subgroups. There were 80 specimens in each test (n = 10), consisting of a total of 320 specimens. Before each testing method, the specimens were initially polished by wet grinding with SiC papers (400, 600, and 800 grit). All specimens were stored in distilled water at 37°C (50 ± 2) h. Half of the test specimens were exposed to thermocycling (TC+) (SD Mechatronik Thermocycler, Julabo GmbH, FT 200, Seelbach, Germany) between 5°C and 55°C for 10,000 cycles with a 60 s dwell time and 6-s transfer time. The other half were stored in distilled water at 37°C in an incubator (TC−) (D-3162, Köttermann GmbH & Co. KG Labortechnik, Uetze, Germany) while the TC+ specimens were in the thermocycler.
Transverse strength and modulus of elasticity
The test specimens for transverse strength and modulus of elasticity were prepared according to the international standard no. ISO 20795-1 (22) . Test specimens were prepared in the dimensions of 64 × 10 × 3.3 mm. The three-point bending test was applied for transverse strength and modulus of elasticity, and force was applied until failure occurred with a universal testing machine (Lloyd Instruments, Fareham, UK) in the midpoint of the specimens. The speed of the device was determined according to the ISO 20795-1 (5 ± 1 mm/min). The formulas used to calculate the transverse strength and modulus of elasticity are as follows: S = 3FI / 2bh 2 and E = FI 3 / 4bh 3 d (S = transverse strength (MPa), E = modulus of elasticity (MPa), F = maximum load at the moment of fracture (N), l = distance between the supports, b = specimen width, and h = specimen thickness, mm).
Microhardness test
Surface hardness was determined using Digital Display Vickers Microhardness Tester (HMV, Shimadzu, Kyoto, Japan). The test specimens were fabricated using the dimensions of 30 × 30 × 2.5 mm. The microhardness tester was adjusted to a load of 0.49 N for 5 s indentation time. Three indentations were equally placed over a specimen and were no closer than 1 mm to the adjacent indentations or to the margin of the specimens. The diagonal length of the indentations was measured on a microscopic scale, and surface microhardness was calculated automatically.
Surface roughness
Surface roughness (Ra) of the tested specimens, which were prepared as disk shaped with a diameter of 10 mm and thickness of 2 mm, was recorded with a profilometer device (Perthometer M2, Mahr, Göttingen, Germany). The device had a diamond stylus that moved in contact with the surface. Three measurements were made for each specimen at three points across each specimen surface, which was divided into three equal parts. Each line was scanned with a constant force of 0.7 mN on the diamond stylus. The mean of these three readings was recorded as the surface roughness value.
Water sorption and solubility
The disk-shaped specimens (diameter of 50 ± 1 mm and thickness of 2 ± 0.05 mm) were prepared and placed in a desiccator (ILDAM Ltd., Ankara, Turkey) with newly dried silica gel (Sigma-Aldrich, Sternheim, Germany) at 37 ± 1°C for 24 h. The drying cycle was repeated every day at the same time until the specimens reached a constant mass (M1). They were placed in distilled water for 7 days at 37 ± 1°C, removed, and weighed again (M2). After this process, they were placed in the desiccator again until they reach a constant mass as stated previously. This renewed mass was recorded as M3. Water sorption and solubility were calculated using the following formula:
Scanning electron microscope (SEM) examination Two specimens were randomly selected from the flexural strength test groups and coated with a gold/palladium film layer using 10 -1 hPa/Pa combustion room pressure and a current of 10 mA for 180 s in the gold/palladium coating unit (Sputter Coater SC7620, Polaron, VG Microtech, Uckfield, UK). SEM (JSM-6060 LV, JEOL, Tokyo, Japan) images were obtained with magnifications of ×50, ×100, ×500, ×1,000, and ×1,500. The specimens were evaluated with SEM not only to examine the surface for porosity and other defects but also to observe the incorporation of fillers in polymer matrix.
X-ray diffractometer (XRD) analysis
Crystalline phase and structure identification of nanoZrO 2 were performed using XRD (SmartLab, Rigaku, Tokyo, Japan). The XRD patterns were measured in the 8-80° 2θ range at room temperature, and 5°/min of scanning speed was used. The average crystallite size of nano-ZrO 2 was estimated using the Scherrer formula (11) :
In the above-mentioned formula, D is the average crystallite size, λ is the X-ray wavelength (Cu-K α radiation; 0.154056 nm), B is the full width at half maximum (FWHM) width of the diffraction peak, and θ is the corresponding diffraction angle of the diffraction peak.
Statistical analysis
Calculated values for the test parameters were statistically analyzed using IBM SPSS Statistics version 17.0 software (IBM Corporation, Armonk, NY, USA). Furthermore, the Kolmogorov-Smirnov test was used to determine whether the distributions of continuous variables were normal, and the Levene test was used to evaluate the homogeneity of variance. Data were shown as median. Also, the Mann-Whitney U test assessed whether the differences between groups with and without thermocycle were statistically significant. According to the Bonferroni correction, P < 0.0125 was considered statistically significant. Kruskal-Wallis was applied for comparisons among more than two independent groups. According to the Bonferroni correction, P < 0.025 was considered statistically significant. Conover multiple comparison test was used when the P value from the Kruskal-Wallis test was statistically significant to determine which group was different. In the current study, the Bonferroni correction was applied to control for Type I error in all possible multiple comparisons.
Results
The FTIR test was applied to the nano-ZrO 2 specimens before and after silanization and silane coupling agent to evaluate the differences in the active groups. Three strong absorption bands were seen at wavenumbers of 3,396, 1,635, and 588 cm -1 in tetragonal nano-ZrO 2 ( Fig.  1, green line) . Two bands in 3,396 and 1,635 cm -1 resulted from the tension vibration of the hydroxyl groups on the nano-ZrO 2 surface. The absorption band in 588 cm -1 was due to the vibration of the Zr-O bond. Three new strong absorption peaks were seen at wavenumbers of 2,928, 1,557, and 1,030 cm -1 in the FTIR spectrum of modified nano-ZrO 2 with silane coupling agent (Fig. 1, blue  line) . These peaks, respectively, demonstrated the stress vibration of C-H bond, symmetrical bonding of -NH3+, and stress vibration of Si-O-Zr bond. Two new absorption bands, stress vibration of C-H bond in the range of 2,800-3,000 cm -1 and that of Si-O-Zr bond in the range of 800-1,200 cm -1 , showed that silane coupling agent was successfully bonded to nano-ZrO 2 (Fig. 1) .
Groups 1, 2, and 3 showed statistically significantly lower transverse strength compared with group 4 (control; P < 0.025; Table 2 ). Groups 1 and 2 did not show statistically significant differences in transverse strength (P > 0.025), but the increase in the addition ratio of nanoZrO 2 resulted in decreased transverse strength values in group 2. Group 3 showed statistically significantly lower transverse strength compared with groups 1 and 2 (P < 0.025), revealing that, as the ratio of nano-ZrO 2 increased, the transverse strength of heat-cured PMMA decreased. Moreover, thermocycling had no statistically significant effect on flexural strength in any of the tested groups (P > 0.0125).
There were no statistically significant differences among the groups tested in terms of modulus of elasticity (P > 0.025); however, there was a decrease in the nanoZrO 2 addition groups compared with group 4 (control; Table 3 ). Moreover, thermocycling had no statistically significant effect on the modulus of elasticity of any of the test groups compared with the TC− groups (P > 0.0125).
In the TC− groups, nano-ZrO 2 addition increased the surface hardness of all test specimens compared with that in group 4 (control; Table 4 ). The hardness increase in group 2 was statistically significant compared with that in group 4 (control; P < 0.025; TC−). Group 1 revealed statistically significantly higher surface hardness compared with that in groups 3 and 4 (P < 0.025; TC−, TC+). Similarly, group 2 demonstrated statistically significantly higher surface hardness compared with group 3 (P < 0.025; TC−, TC+). The highest surface hardness value (36.8) was obtained in group 1 (TC−). The data are shown in median (interquartile range). †The comparisons among the groups according to the thermocycle, Mann-Whitney U test, the results were accepted as statistically significant for P < 0.0125 according to the Bonferroni correction. ‡The comparisons among all of the test groups, Kruskal-Wallis test, the results were accepted as statistically significant for P < 0.025 according to the Bonferroni correction. The same superscript letters indicate statistically significant differences between the stated groups; a: Group 1 vs 4 (control; P < 0.025), b: Group 2 vs 4 (control; P < 0.025), c: Group 3 vs 4 (control; P < 0.025), d: Group 1 vs 3 (P < 0.025), e: Group 2 vs 3 (P < 0.025). 003 The data are shown in median (interquartile range). †The comparisons among the groups according to the thermocycle, Mann-Whitney U test, the results were accepted as statistically significant for P < 0.0125 according to the Bonferroni correction. ‡The comparisons among all of the test groups, Kruskal-Wallis test, the results were accepted as statistically significant for P < 0.025 according to the Bonferroni correction. The same superscript letters indicate statistically significant differences between the stated groups: a: Group 1 vs 4 (control; P < 0.025), b: Group 2 vs 4 (control; P < 0.025), c: Group 1 vs 3 (P < 0.025), d: Group 2 vs 3 (P < 0.025), e: Group 1 vs 2 (P < 0.025). Group 1 (TC+) revealed statistically significantly higher surface hardness than did group 2 (P = 0.02). The test specimens in group 3 showed significantly decreased surface hardness after thermocycling (P = 0.009), and the other test groups had nonsignificantly lower surface hardness compared with that in the TC− groups (P > 0.0125).
The nano-ZrO 2 addition increased the surface roughness of all test specimens compared with that in group 4 (control; TC−, TC+; Table 5 ). In particular, group 3 indicated statistically significantly higher surface roughness values compared with groups 1, 2, and 4 (P < 0.025; TC−, TC+). Group 3 (TC−) revealed the highest surface roughness value (Ra = 1.06) compared with the other test groups. Moreover, thermocycling showed no statistically significant effect on the surface roughness of the test specimens among the test groups (P > 0.0125; TC−, TC+).
Water sorption values increased parallel to the increase in nano-ZrO 2 added to PMMA (Table 6 ). Moreover, thermocycling had no statistically significant effect on the water sorption of all test specimens (P > 0.0125). Group 3 exhibited the highest water sorption values among the test groups (17.1 µg/mm 3 ). The increase in nano-ZrO 2 addition increased the water solubility value (Table 7) . Groups 2 and 3 displayed 0.796 P value ‡ <0.001 <0.001 The data are shown in median (interquartile range). †The comparisons among the groups according to the thermocycle, Mann-Whitney U test, the results were accepted as statistically significant for P < 0.0125 according to the Bonferroni correction. ‡The comparisons among the test groups, Kruskal-Wallis test, the results were accepted as statistically significant for P < 0.025 according to the Bonferroni correction. The same superscript letters indicate statistically significant differences between the stated groups; a: Group 2 vs 4 (control; P < 0.025), b: Group 3 vs 4 (control; P < 0.025), c: Group 1 vs 2 (P < 0.025), d: Group 1 vs 3 (P < 0.025), e: Group 2 vs 3 (P < 0.025). The data are shown in median (interquartile range). †The comparisons among the groups according to the thermocycle, Mann-Whitney U test, the results were accepted as statistically significant for P < 0.0125 according to the Bonferroni correction. ‡The comparisons among all of the test groups, Kruskal-Wallis test, the results were accepted as statistically significant for P < 0.025 according to the Bonferroni correction. The same superscript letters indicate statistically significant differences between the stated groups; a: Group 1 vs 4 (control; P < 0.025), b: Group 2 vs 4 (control; P < 0.025), c: Group 3 vs 4 (control; P < 0.025), d: Group 1 vs 3 (P < 0.025), e: Group 2 vs 3 ( P < 0.025), f: Group 1 vs 2 (P < 0.025). The data are shown in median (interquartile range). †The comparisons among the groups according to the thermocycle, Mann-Whitney U test, the results were accepted as statistically significant for P < 0.0125 according to the Bonferroni correction. ‡The comparisons among all of the test groups, Kruskal-Wallis test, the results were accepted as statistically significant for P < 0.025 according to the Bonferroni correction. The same superscript letters indicate statistically significant differences between the stated groups; a: Group 2 vs 4 (control; P < 0.025), b: Group 3 vs 4 (control; P < 0.025), c: Group 1 vs 3 (P < 0.025), d: Group 2 vs 3 (P < 0.025).
statistically significantly higher water solubility than group 4 (control; P < 0.025), and group 3 had statistically higher water solubility than group 1 (P < 0.025). Only specimens in group 2 demonstrated a significant decrease in water solubility after thermocycling (P < 0.0125).
XRD analysis was used to examine the crystal structure of nanoparticles added into heat-cured PMMA base materials. Figure 2a and b shows XRD patterns of all the tested groups. XRD spectra demonstrated characteristic peaks for ZrO 2 (DB card number: ICCD 00-050-1089). Nano-ZrO 2 had sharper and narrower peaks at around 2θ = 30.0°, 50.08°, and 59.05°, which were assigned to reflections from planes (001), (112), and (121), respectively, corresponding to tetragonal nano-ZrO 2. The diffraction patterns of all of the tested heat-cured PMMA (groups 1, 2, and 3) represented the same three bands that were not observed in group 4 (control; pure heat-cured PMMA). Table 8 contains the average crystallite size of nano-ZrO 2 according to the Scherrer formula. D = 0.9λ / Bcosθ B Moreover, the thermocycling procedure did not significantly affect the crystallite size of nano-ZrO 2 ( Table 8) .
The homogeneity of the nanoparticle filler mixture was examined by SEM. Examples of the results are seen in Fig. 3 . The nanoparticle fillers were distributed better in group 1 than in groups 2 and 3 ( Fig. 3a-c) . The SEM images of groups 2 and 3 indicated that nanoZrO 2 was not distributed homogeneously and displayed accumulation in the heat-cured PMMA matrix (Fig. 3b,  c) . Fractured surfaces were also observed by SEM (Fig.  3e-h ). Nano-ZrO 2 dispersion in group 1 (Fig. 3e) was relatively homogeneous compared with that in groups 2 and 3 (Fig. 3f, g ). Groups 2 and 3 ( Fig. 3f, g ) indicated that the increased nano-ZrO 2 percentage resulted in an increased accumulation of nano-ZrO 2 .
Discussion
Nano-ZrO 2 is expected to improve the mechanical properties in PMMA. In contrast, the addition of various ratios (5%, 10%, and 20%) of nano-ZrO 2 to heat-cured PMMA decreased the transverse strength values compared with those for group 4 (control) in our study. The highest flexural strength was 101.8 MPa obtained from group 4 (control; TC+). However, group 3 revealed the lowest flexural strength (39.5 MPa) among the tested groups. The transverse strength of the test specimens was decreased with the increased nano-ZrO 2 filler rate. The increased nanoparticle filler content caused defects that weakened the material; therefore, the increased filling rate did not lead to increased mechanical strength (3). The transverse strength should not be <65 MPa for heatcured acrylic resin according to ISO 20795-1 (22) . In the present study, the transverse strength of groups 1 and 4 was not lower than 65 MPa, which was compatible with the reference value, but the values in groups 2 and 3 were lower than 65 MPa. Our results differed from most of the previous studies (4, 14) . For example, Ayad et al. (14) reported that 5% and 15% of ZrO 2 addition significantly increased the transverse strength of acrylic resins. Moreover, Asopa et al. (3) indicated that the addition of ZrO 2 at concentrations of 10% resulted in increased flexural strength. The mechanical properties of the resins were affected by the filler type and size. ZrO 2 particle size was not specified in the study of Ayad et al. (14) . Moreover, ZrO 2 powder, which was not a nanoparticle with an average particle size of 5,000-10,000 nm, was used as a filler in the study conducted by Asopa et al. (3) . In our study, when added to heat-cured PMMA, the use of nano-ZrO 2 as filler particles of ≤100 nm could not fill the matrix homogeneously; these differences may be caused by the difference in the percentage of ZrO 2 , filler size, and type of acrylic resin used. Furthermore, the differences may be related with the nonhomogenous distribution of nano-ZrO 2 within the PMMA matrix (Fig. 3a-c, e-g ).
The ratio of the nanoparticle used for reinforcement should be at a rate that can be distributed in the matrix resin without interrupting the continuity of the matrix. In their study, Alhareb and Ahmad (1) reported that welldispersed particles enhanced crack propagation paths. Moreover, Gad et al. (12) stated that the incorporation of nano-ZrO 2 resulted in a significant increase in transverse strength values, which was associated with good distribution of the nano size particles that fill the spaces between polymeric chains (12) . However, Ihab and Moudhaffar (23) revealed that increasing the percentage of modified nano-ZrO 2 to 7 wt% lowered the transverse strength of PMMA due to the agglomeration of nano-ZrO 2 . In our study, SEM evaluation of the fracture surface of the specimens (Fig. 3f, g ) showed nonhomogeneous dispersion within the resin matrix. Nanoparticles have a strong tendency to aggregate due to the high specific surface area, surface energy, and chemical activity. This clustering, as seen in the current study, resulted in a decreased reinforcement effect on the PMMA matrix. The increased accumulation of nano-ZrO 2 (especially in groups 2 and 3; Fig. 3f, g ) may be related to the decreased transverse strength compared with that in the control groups.
Methacryloxypropyltrimethoxysilane, 3-glycidoxypropyltrimethoxysilane, and APTES are the most frequently used silane coupling agents for various purposes. These agents can be adsorbed on nanoparticles for fabricating functionalized silica nanoparticles (18, 24) . ZrO 2 nanoparticles and APTES attach via the condensation of a trialkoxy group with the hydroxyl group of nano-ZrO 2 (24) . In previous studies, ZrO 2 nanocrystal dispersion was examined with organic dissolvers such as toluene, pyridine, ethane nitrile, acetone, and isopropyl (18, 24) . Luo et al. (24) reported that APTES and IPTES were efficient for the dispersion of ZrO 2 nanocrystals in pyridine and toluene. In the present study, APTES, which is the most commonly applied silane coupling agent, is used to functionalize nano-ZrO 2 with toluene as an organic dissolver. Moreover, the attachment of the functional groups of silane coupling agents was confirmed by FTIR analysis by analyzing the characteristic vibrations of the functional groups (Fig. 1) . However, Zhang et al. (15) indicated that another way to control the filler dispersion to the PMMA matrix was to manipulate the nano-ZrO 2 /PMMA nanocomposite preparation procedure. They reported that mechanical attrition such as bead ball milling and ultrasonication could be used to resist nanoparticle clustering during the modification procedure. Although we used an ultrasonic mixer during silanization of nano-ZrO 2 , only mechanically mixing the modified nano-ZrO 2 and PMMA powder may be the cause of nano-ZrO 2 clustering and decreased strength values.
The decreased mechanical properties may have been caused by the effect of the tetragonal-to-monoclinic phase transformation of ZrO 2 . ZrO 2 volume expansion due to the phase transformation may cause microcracks on the APTES-coated surface of nano-ZrO 2 (25) . In the current study, the flexural strength test specimens were stored in distilled water prior to the three-point bending test for 50 ± 2 h; these microcracks absorbed the water during the procedure. Water absorption into the polymer network negatively affects some physical and mechanical properties of PMMA and can lead to a decrease in flexural strength (3, 14, 20) . The decrease in flexural strength of groups 1, 2, and 3 may be related with the increased water sorption of the specimens before the flexural strength test.
Relatively low modulus of elasticity makes PMMA more prone to failure in the mouth (26) . The modulus of elasticity should be at least 2,000 MPa for heat acrylic resin according to ISO 20795-1 (22) . In our study, although the increase in the filler ratio of nanoZrO 2 decreased the modulus of elasticity, the elasticity modulus values of the tested specimens were higher than 2,000 MPa. Nano-ZrO 2 fillers with different ratios do not act as good reinforcing fillers in heat-cured PMMA, making the structure more brittle.
Polymerized acrylic resin hardness is an important material property in terms of residual monomer content in the resin material (17) and resistance to wear (27) . Moreover, hardness measurement has been used as an indirect method of evaluating polymerizing depth of resin-based materials (17) . Moreover, hardness impacts the surface characteristics of PMMA indicating the ease of finishing a material (6) . These days, nano-ZrO 2 is used to fabricate reinforced denture base materials with high hardness (17, 28) .
The results of the current study demonstrated a statistically significant increase in the hardness of groups 1 and 2 (water storage groups) compared with the other groups (P < 0.01). The highest hardness value was observed in group 1 (TC− 36.8, TC+ 35.2). As the amount of fillers increased, the nano-ZrO 2 surface remained clear, displaying poor adhesion to the matrix and clusters in the resin matrix (especially in group 3). SEM analysis showed homogenous dispersion of nanoparticles in group 1 compared with that in group 3 (Fig. 3a, c) . Results of the current study revealed that heat-cured PMMA reinforcement in terms of hardness was obviously related to the filler amount presented in the resin matrix and the dispersion homogeneity.
Previous studies have mostly concluded that reinforcing acrylic resins with ceramic particles can provide some improvements in surface hardness (6, 17) ; these findings are in agreement with the results for group 1 in the present study and are not in agreement with those for group 3 due to nonhomogeneous nanoparticle dispersion and low ionic interatomic bonding. Similarly, Asopa et al. (3) reported that 10% and 20% of nano-ZrO 2 addition to PMMA resulted in a significant increase in flexural strength but a decrease in surface hardness. Therefore, the weak interfacial bond between the nanofiller and resin matrix could be the reason there was no significant increase in hardness in the high ratio of nano-ZrO 2 addition groups in the present study (especially in group 3).
Although in a previous study (17) , the nanofiller addition ratio (1.5%, 3%, 5%, and 7%) was lower than in our study, those authors reported a significant increase in hardness as the percentage of nano-ZrO 2 fillers increased, suggesting that this result was related to the high interfacial shear strength between the nanofiller and resin matrix as a result of cross-link formation or supramolecular bonding (17) . In the present study, increased hardness in groups 1 and 2 could be related with the strength characteristics of nano-ZrO 2 (17) . ZrO 2 has strong ionic interatomic bonding that provides desirable material characteristics such as hardness.
Surface irregularities increase microorganism accumulation on the denture surface (19, 29) . Therefore, the nanoparticle addition must enable the surface roughness to remain within acceptable clinical limits while improving the mechanical properties of the material.
According to ISO 20795-1, the critical Ra value that is clinically acceptable for acrylic resin is 0.2 µm (22) . Bacterial colonization significantly increases if the surface roughness value is higher than 0.2 µm (30). The roughness results of the present study were higher than the threshold value for Ra (except in groups 1 and 4; Table 5 ). The increase in surface roughness of the test specimens was proportional to the concentration of nano-ZrO 2 , and there was a slight increase in group 1. In agreement with the study by Ihab and Moudhaffar (23), our study found that the increased surface roughness values of group 1 (5%) were not statistically significant compared with those of group 4 (control; P > 0.025), and the increase was within the clinically acceptable limits (0.19 µm for TC− and 0.21 µm for TC+). Group 3 (TC−) displayed a significant increase in roughness, with the highest surface roughness value (1.06 µm), compared with the other test groups (P < 0.001), which is possibly due to the small size of the nano-ZrO 2 particles, which were well dispersed especially in group 1. Moreover, when nano-ZrO 2 was added to PMMA at a low rate (5%), only a few particles were exposed on the surface of the test specimens as mentioned in the study of Ihab and Moudhaffar (23) . Aljafery and Mah (31) revealed that the surface roughness of modified PMMA with 2% ZrO 2 -Al 2 O 3 nanoparticles was significantly increased compared with that in group 4 (control). In agreement with the previous study (31) , the increased surface rough-ness along with the increased presence of nanofillers in the present study may be due to the different roughness of nanoparticles and acrylic denture base matrix or the different microstructural characteristics of the materials and the form of the particles.
The surface roughness of acrylic resin varies between 0.03 and 0.75 mm depending on the finishing and polishing technique utilized (30, 32) . In our study, the surface of the test specimens was standardized by wet grinding with SiC papers (400, 600, and 800 grit). The Ra values of the test specimens were between 0.14 and 1.06 without polishing. Ra value results for group 4 (control) in the present study were within the clinically acceptable Ra threshold values, suggesting that the increased Ra values within the nano-ZrO 2 addition groups was not related to the surface standardization procedure used in this study and may be due to the roughness differences between nano-ZrO 2 and acrylic denture base matrix or the differences in microstructural characteristics of the material, the form of the nano-ZrO 2 , or the nonhomogeneous dispersion of nano-ZrO 2 especially in group 3.
It is known that PMMA is prone to absorb water over a period due to molecular polarity. Water absorbs into the material by a diffusion mechanism among the polymer chains and damages the bonding of the polymer network (33) . Repeated sorption/desorption cycles cause microfractures in the PMMA matrix (21) . Moreover, the solubility of the acrylic resins is a result of unreacted monomer and water-soluble additives leaching out into the oral fluids. Low solubility of denture base materials is desired due to the soft tissue reaction of the monomer (34) .
The effect of different filler additions, such as glass fiber, Al 2 O 3 , and ZrO 2 , on water sorption and solubility has been studied previously (3, 14, 33) . It has been reported that Al 2 O 3 nanoparticle polymers served as a site for the prevention of water absorption (35) . The Al 2 O 3 -added groups exhibited significantly lower water sorption values compared with those in group 4 (control) due to the insolubility of Al 2 O 3 nanoparticles in water. However, previous studies have indicated that the addition of nanoparticle fillers to improve the mechanical properties of PMMA increases the water sorption of acrylic resins (4, 36, 37) . In particular, the increase in the nanoparticle filler ratio causes more water sorption because of more nanoparticle filler-matrix particle interface. The weak polymer chains allow water permeability into the matrix (4). For example, Asopa et al. (3) reported that water sorption of 10% and 20% nano-ZrO 2-added PMMA was found to increase but was within the limit of ADA Specification No. 12, which is similar to our results. They reported that the excessive increase in the value of water sorption may be related to the weak secondary bonds.
According to the ISO 20795-1 standard, 32 µg/mm 3 is the threshold value for water sorption, and 1.6 µg/mm 3 is the threshold value for water solubility of heat-cured acrylic resins (22) . Group 4 (control) exhibited the lowest mean water sorption values of TC− 6.1 µg/mm 3 and TC+ 6.3 µg/mm 3 , which were significantly lower than the other tested groups. The addition of nano-ZrO 2 in heat-cured PMMA increased the water sorption in all test groups, but the values were within clinically acceptable limits. The addition of 10% and 20% nano-ZrO 2 statistically significantly increased the water sorption compared with that in group 4 (control). The highest water sorption value was obtained in group 3 (TC− 14.4 µg/mm 3 and TC+ 17.1 µg/mm 3 ), which was not below the threshold value and was in agreement with the results of previous studies (3, 14, 37) . Solubility test results showed that as the ratio of added nano-ZrO 2 increased, the solubility values increased concurrently. The water solubility values of the present study were generally within the clinically acceptable limits (except in group 3). However, group 3 exhibited the highest water solubility values (TC− 3.22 µg/mm 3 and TC+ 3.34 µg/mm
